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RESEARCH MEMORANDUM

PERFORMANCE OF AS~FORGED, HEAT-TREATED, AND OVERAGED S-816
BLADES IN A TURBOJET ENGINE

By J. W. Weeton, F. J. Clauss, and J. R. Jolnston

SUMMARY

An Iinvestigation was conducted to study the effects of several heat
treatments on the operating life of turbine blades in a J33-33 turbojet
engine operated wlthout an afterburner. As-forged blades, blades solu-
tlon treated at temperatures high enough to produce germinated grains,
blades given a double-aging treatment, and blades overaged by overtem-
perature heat treatments were evaluated. The englne was operated in =
cyclic manner, 15 minutes at rated speed and 5 minutes at 1dle.

The as-forged group of blades and the group of blades aged without
prior solution treatment performed twice as well as a group of blades
glven the standard AMS heat treatment for S-816 (AMS 5765A) and performed
better than all other groups of heat-treated blades. The superlor per-
formance of these groups of blades was assoclated wlth a hlgh hardness
and a dense and uniform precipltation of carbldes throughout the micro-
structures. The forging operatlons were concluded to be responsible for
the superlor performance of these groups by straln-hardening the matrix
prior to englne operation and by promoting the uniform and dense precipi-
tatlon of carbides during englne operation.

A double-aging treatment followlng the standard solution treatment
for S5-816, whlch was Intended to produce randomly scattsred and dense
precipltation, failed to Improve blade performasnce relative to the group
given the standard heat treatment. The second aglng temperature was felt
to have caused too great a degree of overaging for S-816. Two groups of
blades heat treated at 2300° F to germinate grains hed abnormglly low
fallure times. In one of the groups eutectlc melting was observed and
in the other, thick grain boundary formatlions. Blades which were glven
a low-temperature overaging treatment (1550° F for 16 hr) to simnlate =
low-overtemperature condlitlon possible in engine operatlon failed at very
low times, while blades given a high-temperature overaging treatment
(1800° F for 16 hr) were found to perform almost as well asg blades glven
the stendard heat treatment. The better performance of blades overaged
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at the higher temperatures may have been due to simulteneous solutlon
treatment of some minor phaeses which permits subsequent strengthening of
the alloy by preciplitation during engine operastlion.

INTRODUCTION

Alloy S-816 (AMS 5765A) is a cobalt-chromium-nickel-base alloy de-
signed for service In the temperature range from 1200° to 15000 F where
high strength and corrosion resistance are required. S-816 is readily
forged to form turbine blades for Jet englines and 1s, at the present
time, the most widely used alloy for this application in the United
States.

The heat treatment recommended for aircraft forgings in the Aircraft
Materials Specifications is a solution treatment at 2150° F for 1 hour,
followed by water quenching, and then aging for 16 hours at 1400° F. Higher
solutlon-treating temperatures than 2150° F have been shown by others to
¥leld better high-~temperature strengths than are possible fram this rec-
ommended standard solution treatment. For example, the short-time
tenslle strength and the stress-rupture 1life of S-816 at elevated tempera-
tures may be generally Increased by ralsing the temperature of the solu-~
tion treatment from 2150° to 2300° F (unpublished data). Furthsrmore,
stress-rupture and creep data reported 1ln reference 1 indicate that the
optimum strength of S-816 is obtalned by solution treating for 1 hour at
2350° F, water quenching, and aging 16 to 24 hours at 1400° or 1500° F.

At test temperatures of 1500° F and higher, an aging temperature of
1350° F appeared to yleld optimum results.

The increase in strength galned by ralsing the temperature of the
solution treatment is accompanied by the germinatlion of large grains In
those areas of the turblne blades which received criltical amounts of
hot-cold working during the forging process. Germinated graing, partic-
ularly when bunched together next to areas of fine grains, have been
considered harmful by the manufacturer, and apparently for this reason
the solution treatment at 2150° F for 1 hour has been adopted.

A recent study conducted by the NACA (ref. 2) describes results for
the performance of J33-9 turbojet-engine blades of wrought S-816 which
had been glven the standard heat treatment. The operating l1life of the
blades varied from 181 to 539 hours at rated speed, with a 50-percent
failure time at 305 hours. The large scatter In blade performasnce was
attributed to varlables in the fabrication of the turbine blades. This
lot of blades was considerably superior in engine performance to & lot
of S-816 blades which had been forged several years before, as discussed
in reference 2.
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As part of an earller program at the NACA, tenslle specimens were
machined from the blade airfoil section of J47 turblne blades of wrought
S-816 alloy and were glven stress-rupture teste at 1500° F. Results were
obtained for specimens whilch had received the standard heat treatment,
specimens which were tested iIn the as-forged condition, and also speci-
mens which had been aged for 16 hours at 1400° F without prior solution
treatment. These resulte are glven In table I and appeared to indicate
that the specimens which had recelved no heat treatment or had been aged
only without solution treatment were, at least, as good as those whilch
had been fully heat treated. Similar resulis have been obtained from
stress-rupture tests carrled out on tensile specimens machined from one
3/4-inch-dlameter rolled bar stock of S-816 (unpublished data). Results
for thils group of specimens indicated that the stress-rupture condition
was fully as good as that for specimens which had recelved the standard
heat treatment. While both groups of resulis are insufficlent to permit
definite conclusions to be drawn as to the effect of heat treatment or
lack of heat treatment on the life of turbine blades when operated in a
Jet engline, they do serve to warrant an Ilnvestigetion of such effects.

The effects of heat treatment on the propsrtles of wrought Haynes-
Stellite 21, a cobalt-base precipitation-hardening alloy, are reported
In reference 3. In contrast to S-816, this alloy showed very poor
stress-rupture life at 1500° F in the as-wrought condition. Improvement
was obtained when the carbide precipltates 1n the as-wrought structure
were Pirst dissolved into the matrix by solution treatment st 2250° F
and then repreclpltated by controlled aging at lower temperatures. The
highest stress-rupture llves were agsoclated with a uniform dispersion
of fine particles of carbide preciplitate throughout the matrix. This
mlcrostructure was best obtalned by & double-aging treatment in which the
Haynesg-Stellite 21 alloy was first solutlon treated for 16 hours at
2250° F, then ailr cooled, aged for 72 hours at 1200° F, and finally aged
for 24 hours at 1500° F. The essential feature of this treatment 1s
that preciplitation from the solutlion-treated structure is nucleated at a
relatively low temperature. Thls treatment produces a uniform scattering
of sltes for the subsequent growth of preclipltate at a second and hilgher
agling temperature. '

Recent Interest In the occurrence of overtemperature conditioms in
the Jet englne has been concermed with the possible damaging effects on
the material properties of the components, particularly the turbine
blades. For thls reason, two aging btreatments at temperatures above
those normally used were lncluded In this Investigatlon.

In line with the preceding remarks, the general purpose of the
present investlgatlion has heen to study the effects of several heat
treatments on the operating life of J33 turblne blades of forged S-816
alloy. This investigation Inocludes an evaluatlon of the operating 1life
of the blades (1) In the as-forged condition, (2) heat treated to produce
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germinated gralns.and simmltaneously a better degree of asolution treat-
ment; (3) solution treated and double aged, and (4), finally, overaged.

This study 1s a2 continuation of a program being carried out by the
NACA in order to understand the fundamental factors which determine the
high-temperature properties of alloys and to extend the operating life
of turbine hlades. '

EXPERIMENTAL PROCEDURE
Turbine blades. - The turbine blades used for the present Investi-

gatlion were J33-33 turbojet-engine blades of wrought S-816 alloy (AMS
5765A) having the following nominal percentage chemical composition:

Co Ni Cr Mo W Cb + Ta Fo C
40 min. | 19-21 | 19-21 | 3.5-4.5| 3.5-4.5{3,5-4.5{ 5 max.| 0.32~0.42

The blades were recelved from two sources. The first lot of blades was
supplied by the manufacturer In the as-forged conditlon. All these
blades were forged from bar stock from the same heat. These blades were
used for heat-treatment groups 1 to 6, as described in table IT. The
second lot of blades was withdrawn at random from U.S. Air Force stock.
These blades had already been glven the standard heat treatment by the
menufecturer and were used for groups 7 to 9.

The heat treatments descrlbed in table II were carriled out in an
atmosgphere of argon gas and were selected on the bhasis of the preliminary
work dlscussed in the INTRCDUCTION. Specific reasons for the selection
of each heet treatment are shown In the table. All the groups of blades
consisted of =ix blades except group 7, which contalned four blades.

Stress and temperature distribution in turbine blades during engine
operation. - The cross-sectlonal areas of J33-33 turbojet-engine blades
were obtained from blueprints of the blade, and the distribution of
centrifugal stress along the length of the blades was calculated by the
method described in reference 4. Six thermocouples were welded to the
midchord of the blade airfolls at dlfferent distances from the blade
base, and a trial run in a J33-33 engine was made to determlne the tem-
perature distribution in this type of blade. Previously, J33-S engine
blades had been iInvestigated for temperature distributlons, and the
method used for the J33-33 englne blades is essentially the same (ref. 5).
Figure 1 shows the measured temperature and the calculated centrifugal-
gtress distributions for these blades during engine operatlion at full
power a8 well as the stress-rupture life of S5-816 bar stock at the dif-
ferent combinations of stress and temperature in the blades. The latter
curve shows that the most severe combination of constant stress and
temperature (21,400 psi and 1450° F, respectively) occure at a distance
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2.4 inches from the base platform of the blade. The curve may be used
to locate the zone of posslble stress-rupture fallure. However, as willl
be discussed In the section Blade fallure mechanisms, there 1s no reason
to expect that the S-816 blaedes wlll run the 860 hours correspon8ing to
the minimum in this curve.

Engline operation. - The nine groups of blades were insgtalled in a
gingle turbine rotor of a J35-33 turbojet englne, and the engine was
operated untll all but four of the blades had failed. The test consisted
of repeated 20-minute cycles of 5 minutes of 1ldle followed by 15 minutes
at the rated speed of the engine (11,750 rpm). Only the time at rated
speed 1s discussed throughout the report, since the stresses and tempera-
ture at ldle are too low to be significant. Blade stress and temperature
at rated speed were held constant by controlling the engine speed and
the exhaust-nozzle opening. Blaede temperature was messured by thermo-
couples Inserted In two speclal blades In the disk. A slip-ring system
was used to connect the thermocouples to recording instruments. Further
detalls of englne Instrumentation and temperature controls are contained
in references 5 and &,

Blade elongation measurements. - One blade from sach of the nine
groups was gcribed near the tralllng edge at l/2-1nch Intervels as
described Iin reference 6. However, measurements were made over l-inch

segments. One segment was designated as zone A and extended fram'l% to

Zz-inches above the base. The other segment, zone B, extended from 7/8

8
to 1% inches above the bage. After blade fallures or necessary engine

shutdowns, the elongation of each scribed segment of Intact blades was
meagured with an optlecal extensometer.

Macroexaminatliong of falled blades. - A blade was sald to have
falled and was removed from the englne elther when actual fracture oc-
curred or when numerous cracks in the sirfoil or severe necking made it
apparent that fallure was imminent. Blades which failed were examined
at low magnificatlong to determine as nearly as posslible the manner by
which the fallures originated. In addltion, blades from each group werse
macroetched to show grain growth and to differentlate between intercrys-
talline and transcrystalline cracking. The fallures may be classified
into the following catagorlies as a matter of convenlence:

(1) Stress-rupture: Blade failures which occurred by cracking with-
in the airfoil, by necking of the alrfoil, or by fracturing In an irreg-
ular and Jagged Iintercrystelline path. In additlion to the main fracture,
other gimilarly formed cracks frequently occurred near the orlgin of the
main fracture or crack.
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(2) Fatigue: Cracks which progressed from nucleation points, usually
at or near either the leadlng or tralling edges, In stralight paths. The
cracks frequently were smooth, often showed progresslon lines or concen-~
tric rings, and appeared to be transcrystalline.

(3) Stress-rupture followed by fatigue: Blade fallures which
appeared to be caused by a combination of the preceding mechaniems. The
fractured surfaces of blades In this group conslsted of a small area
which had the characteristics described for the stress-rupture catagory
and a larger aree wlth the fatigue characteristics already described. A
further criterion was that other cracke also appeared lmmediately near
the nucleatlon area of the maln crack or fracture edge and appeared to be
stress-rupture cracks.

In all cases, the blades falled Tinally in tenslion because of the
progresslve reduction in the load-carrying area, so that all blade
failures showed & large area of rough fracture surface.

(4) Demage: Blades showing nicks or dents in the airfoll which
conld initlate fracture. These blades were considered apart from the
preceding three catagorles of blade fallures since they did not glve a
true Indiocation of material propertles.

Metallographic examinatlon of as-heat-treated specimens and of
falled blades. - Metallographlc examinations were made on sections of
blade alrfolls which had been heat treated along wilth the hleades in or-
der to show microstructural changes and grain growth during heat treat-
ment. Similer examinations were mede on specimens cut from the alrfoll
of the first and last blade fallures in each of the heat-treatment groups
so that changee 1n mlcrostructure during engine operation could be ob-
served. Care was taken that the specimens of blade failures were out
from the section of airfoll about the origln of the fallure so that paths
of fracture and fracture mechenisms could also be studled.

Graln-slze measurements. - Grain sizes of the as-heat-treated specl-
meng and of speclmens cut from the first and last blade fallures from
each group of blades were measured using & metallograph and an ASTM
graln-gize measuring eyeplece. In additlon, blades fram each heat-
treatment group were macrostched after the blades had been run to faillure
uelng a solution of 150 milliliters of HC1l, 150 milliters of H,0, 9 milll-

liters of BNOS, and 40 grams of FeCls. Speclmens were vapor blasted and
then bolled in thils solution for 5 minutes.

Bardness tests. - Rockwell A hardness measurements were made of all
the as-heat-treated speclmens used for the metallographlc examinations.
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In the case of falled blades, segments were cut from the first and
last blade faillures of each group of blades iIn zones as clogse to the
fracture areas as possible. Hardness measurements were made over the
entire cross gection of the alirfolls. Rockwell superflcial readings
(R-15-N) were used to ogbtain accurate results in the narrow portioms of
the airfolls. Both the Rockwell A and the R-15-N readings were converted
to Rockwell C values. It should be cautioned herse that hardness values
reported after engine operation were obtained 1/8 Inch from the fracture
edges, and the valuss might be Influenced by the elongation of the blades
In these areas.

RESULTS
Engine Operating Results and Blade Performance

The englne operating results for the different groups of blades are
presented in table ITT along with a record of the locatlon of the blade
failures and the mechanism of the fallures for each blade. Hngine runs
were discontinued after 430 hours when the relative performance of the
different blade groups was clear.

In order to faclilitate the presentation of results as well as the
subsequent discussion, the blade data are plotted 1n Ffigure 2. The as-
forged group of blades (group 1) performed at least twice as well as the
group given the standard heat treatment (group 3). The blades of group
2, which were aged at 1400° F only, behaved essentlally the same as the
blades of group 1. The faillure mechanlems of all bplades in groups 1 and
2 were elther stress-rupture or stress-rupture followed by fatlgue, where-
as the blades of group 3 falled chlefly from fatligue.

Some of the blades given the double-aging treatment (group 4) failed
at lower times than those given the standard heat treatment (group 3).
Also, some of the blades solutiom treated at 2300° F followed by aging
at 1600° F for 16 hours, or by aging at 1200° F for 24 hours and 1500° F
for 48 hours (groups 5 and 6), failed in unusually short times.

Air Force stock specimens given the standard heat treatment (group
7) failed at lower times than the blades forged from the selected bar
stock and given the standard treatment (group 3). Two of the four blades
in the former group failed by damage, and the results should be consldered
in this light. All the Air Force stock blades of group 8 which had been
overaged (overheated) at 1550° F for 16 hours falled by fatlgue at low
times, while scme of the blades which had been overaged at 1900° F for
16 hours (group 9) failed by stress-rupture followed by fatigue. The
behavior of the latter group as a whole ls essentlally the same as that
of the group gilven the gtandard heat treatment.
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Elongation of blades during englne operation. - Elongation resulis
are glven in figure 3 for zone A. Elongation curves for zone B are not
shown, but the maximum elangations measured In both zones sre compared
In flgure 4.

Macroexaminations of failled bledes. - Most of the blade fallures (71
percent) occcurrsd between Zg and 3% inches from the blade root platform
as ghown In table IIT and figure 5. This zone 1s farther frcm the bame
of the blade than the critical zone (defined by stress-rupture considera-
tions), which was found to be 2.4 Inches from the base. Of the total
number of blade fallures, 39 percent occurred in the segment for which
elongation measurements were made and plotted (zone A), whereas 56 per-
cent of the fallures occurred above zone A.

Photographe of typical "failed" and "unfailed" blades are shown in
filgure 6. The cracked blade contalns typlecal stress-rupture cracks in
the center of the blade; the blade whilich failed by fatigue contalns the
progression lines typlcal of a fatigue zone; and the stress-rupture
followed by fatigue fallure has some cracks below the fatigue zone, the
criterion for this type of fallure. Of the total number of failures
other than damage fallures, approximately 35 percent were classlfied as
stress-rupture, 20 percent as stress-rupture followed by fatlgue, and 45
percent as fatigue fallures. ’

Metallurglical Studies of As-Hest-Treated Specimens

Microstructure. - The microstructures of test pieces which were cut
from representative blade segments and given the same heat treatment as
the blade groups run In the engine are shown in figure 7. Metallographic
specimens cut from & single as-forged blade were found %o contaln areas
with elongated or severely distorted grains (fig. 7(a), left) as well as
areas of equlaxed grains (fig. 7(a), right). The grain mizes observed
were very small In the elongated areas_(A,S.T.M[_B)_ag@mplightly larger
in the equiaxed areas (A.S.T.M. 5 to 8). Precipitation in slip lines
may be observed in the photomicrographs shown, but other areas appeared
to have been partlally sclution treated. ZElongated grains were most
prominent near leading and tralling edges, whille equlaxed grains were
predominant at the center of the blade alrfoll. The siructure of the
specimen aged at 1400° F for 16 hours (fig. 7(b)) shows an area with
equiaxed grains simller to the area of equiaxed grains shown In flgure
7(a), with precipitation in slip lines end twin and grain boundaries.
The specimen given the standard heat treatement for S-816 contalns the
usual massive residual columbium carbides (probably (Cb,Ta)C) and fine
precipitation in the grain boundaries. General preclpltation In the
matrix is not noticeable. The specimen givén the standard solution
treatment at 2150° F for 1 hour followed by double aging (fig. 7(d))
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shows increased matrix precipitation and, of course, the residual car-
bideg. The specimen given a solution treatment for 4 hours at 2300° F
followed by the stendard aging treatment (fig. 7(e)) has a structure es-
sentially the same as that of the specimen given the standard heat treat-
ment except that the average grain size is greater. Some of the larger
carbides appear to be 1diomorphic, indicating that at higher temperatures
the carbide forming element (Cb or Ta) diffuses to the residual carbide
sites and precipitates as a carbide upon the orginial carbide. In figure
7(£) the specimen solution treated at 2300° F followed by double

aging shows very large grains with an unusually large quantity of matrix
precipitation as well as a small quantity of Widmanstitten structure.
Larger carbides also appear to be idiomorphic, as was the case in the
preceding specimens.

The structure of a typical Air Force stock blade is shown 1In figure
7(g) eand 1s almost identical to that of figure 7(c), which represents the
sasme condition of heat treatment. Upon overaging or overheating the Air
Force stock blades at 1550° F for 16 hours, the precipitation in the
grain boundaries appears to increase (fig. 7(h))} and a little matrix
preclipitation also has occurred. The specimen overheated at 1900° F for
16 hours (fig. 7(i)) shows that some of the carbides, particularly those
in the grain boundsries, have spheroldized and that the matrix is rel-
atively clean.

Grain-size measurements of as-heat-treated microspecimens. - The
grain sizes of the preceding microspecimens are listed in table IV. All
the specimens are of a fine, or at least microscopic, grain size except
specimens of groups 5 and 6, which were heat treated at 2300° F to de-
liberately coarsen the grains.

Hardness measurements of as-heat-treated specimens. - The hardness
of the as-heat-treated specimens is shown in table V. The average hard-
ness of the as-forged and aged groups (groups 1 and 2, which performed
the best) was greater than the average hardness of any other group.
Blades of groups 1 and 2 had an average hardness of Rockwell C-35,
whereas blades given the standard heat treatments (groups 3 and 7) had
an average hardness of Rockwell C-25 to C-26.

Metallurgical Studies of Failed Blades

Microstructures. - Photomlcrographs cut from the first and last
blade failures for each group are shown in figure 8. Typlcal stress-
rupture and fatigue portions of Ffractures are shown. The stress-rupture
portions of cracks are intergranular, as shown in figure 9(a), and trans-
crystalline 1n the case of the fatigue crack, figure 9(b). The micro-
structures of groups 1 and 2 (the blade groups which performed best) were
similar prior to operation in certain locations, as noted previously, and
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are essentially simllar after operation. The precipitation which occurred
in grain boundaries, slip lines, and twins during the forging operation
had been spheroidized and it still outlines some of these areas. However,
it 18 more difficult to define grain boundaries, and therefore fracture
paths, in specimens cut from blades because the spheroidized carbides
obscure the fracture paths. Intergranular tears and some evidence of
jaggedness at fracture edges confirm the macroexaminations made of the
fracture edges, table III, and show that the specimens in these groups
failed predominantly by stress-rupture. The last fallure of group 2 -
(fig. 8(b)) is believed to have occurred by fatigue initiated near the %
trailing edge by intergranular penetrations of oxides. The degree of ")
spheroidization made it difficult to note any differences between the

structures of the first and last failures.

In figure 8(c), the specimens given the standard heat treatment
(group 3), the first failure is shown to have a smooth transcrystalline
fracture edge, indicative of fatigue; and the last failure is shown to
have stress-rupture characteristics, as shown by the jagged fracture
edge and the stress-rupture cracks below the fracture edge. Thils con-
firms the classification of these specimens msde in table III. The pre- .
cipitation in the first failure is well developed, but since it hes run
only 167 hours, spheroidization has not taken place to a great degree.
The microstructure of the last specimen to fail (failure time, 310 hr)
shows, at high magnificetion, that the preclpitation in the immediate
vicinlty of the fracture origin is to a large degree in a Widmanstétten
form, that the precipitation in the grain boundaries is much more nearly
continuous than those of the specimens of groups 1 and 2, and that the
grain size near the fracture origin is greater than in groups 1 and 2.
Any of these conditions could account for the poorer performance of this
group of blades relative to groups 1 and 2.

In figure 8(d), the photomicrographs represent the group of speci-
mens given the double age (group 4). Since the specimens treated in the
same msnner (fig. 7(d)}) contained s considersble quantity of precipitation,
it is surprising to note so 1lttle matrix preclpitation in the first '
blade to fail. The matrix precipitation 1s beginning to spheroidize,
and the grain boundsries contain enough carbides to be almost continuous.
The structure of the last blade to fail corresponds more closely with
the structure shown in figure 7(d). In figure 8(e) (group 5), the first
failure, which occurred in an unusuzlly short time (36 hr), contained a
considerable quantity of eutectic melting and the stress-rupture cracks
occurred in areas with considerable evidence of grain boundaries meltlng.
This group of blades was solution treated at 2300° F. In the blade which
failed last the grain boundaries were very thick (although this cannot be
observed in the photomicrographs). This failure contained a formstion ~
similar to '"Chinese script," which msy be evidence of melting. In both
the first and last fallures, large quantitles of precipitation have oc-
curred in slip lines and in Widmenstétiten patterns and are very extensive, v



6S2¢

CF-2 back

NACA RM ES4K17 C Ol 11

Additional metallographic examinations revealed three of the remaining
four specimens contained eutectic melting. In view of this melting, the
results for group 5 camnot be considered as representative of the heat
treatment employed.

Blades of group 6 were also solution treated at 2300° F but did not
show new evidence of eutectic melting (fig. 8(f)). The photomicrograph
of the first specimen to fail shows the area at or near the origin of the
crack. The fracture edge is transcrystalline and smooth, indicative of
fatigue. Again all the bledes in this group were sectioned to determine
whether any eutectic melting occurred, and nothing was found comparsble
with the evidence found 1n group 5. In one of the blades some possible
Chinese script was found, but it was not extensive. In another blade,
the fatigue crack was propagated across very fine grains and adjacent
gerwminated grains wilthout deviating from a straight path. The most
deleterious formation observed in this group of blades counsisted of thick
carbide formatlions in grain boundaries.

The structures of Air Force stock blades given the standard heat
treatment are shown in figure 8(g). There is a noticeable difference
between the structures of the blade failures of . thilis group and those of
the blade failures of group 3, which also received the standard heat
treatment. The Air Force stock blade which failed first has much less
general precipitation than the specimens of group 3, and the first
failure time is less. Grain boundary preclpitates and residual carbides
appear to be the same in both groups, but the grain size of the specimen
of group 7 is finer than that of group 3. Thls could be the result of
forging verisbles. An interesting but unexplainsble happenstance is that
all faillures of group 3 originated at the trailing edges, whereas all
fallures of group 7 originated at the leading edges. Stress-rupture and
fatigue characteriastics are present in the photographs of the first and
last fallures, respectively.

The structures of failed blades which had been overaged (overheated)
at 1550° F are shown in figure 8(h) (group 8). Carbides precipitated in
the matrix, and slip lines and twin boundaries have been partially sphe-
roldized. Matrix precipitation has not occurred to any great extent.
The fracture edges of both specimens are predominantly transcrystalline,
indicative of fatlgue fallures, and again this correlates well with the
results of macroscopic examinations shown in table IIT.

Stress-rupture characteristics are evident in the photomicrographs
of figure 8(i), which represent the blades oversged at 1900° F. The
grain boundaries contaln a large amount of spheroidized carbides, and
in general the spheroids in these specimens are the largest of any of
the heat-treated groups. Matrix precipitation (of the salt and pepper
type) is not evident in either of the blade structures, but this type of
precipitation 1s frequently difficult to see when large quantities of
spheroidized particles are present.
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Hardness. - The results of the hardness tests of the first and last
blade fallures are shown in table VI. Blades from groups 1 and 2, the
best performing groups, which had e hardness of Rockwell C-35 before
testing, maintained the highest hardness values (Rockwell C-32 to C-34)
of any of the groups. Indlvidual readings made for a glven blade specl-
men varied considerably in some cases. For example, in group 6 readings
ranged from Rockwell C-24 to C-30,

Gralin size. - Macroetching of specimens from different groupe re-
vealed no grain germination in.any bledes except those of groups 5 and
6. Photographs of macroetched speclmens from these groups are shown in
figures 10 and 11. According to the usual concept of grain growth, the
aress in which germinsted growth has occurred are sress in which critical
stresses were produced by forglng. The photographs show that most of the
blades had received critlcal amounts of deformation in the leading and
trailing edges and in the upper-third portion of the blade alrfolls.
Stress-rupture cracks are shown in flgure 10. Blade 3 of figure 11 has
uniform grains throughout except at the extreme leading and trailing
edges at the tip. This blade, which was a first fallure, failed by
fatligue in &sn ares where germinated grains were adjacent to microscopilc
grains.,

DISCUSSION

Operating life of different blade groups. -~ The excellent behavior
of the as-forged blades (range of fallure times: group 1, 357 to 430
hr; group 2, 317 to 430 hr) relative to the blades given tue standard
heat treatment (range of failure times: group 3, 148 to 310 hr) was most
interesting. Thisg behavior 1s 1n contrast to the gtress-rupture data
. shown in table I, which indicates that the as-forged specimens should
behave about as well as the blades given the standard hest treatment.

The superlor performance of the as-forged blades and the as-forged
and aged blades might be explained by two factors: (1) cold working
during forging, which would be expected to strengthen the matrix; and
(2) the formation of nucleation sites during forging, which could result
in a desirable form and distribution of precipitate during engine op-®
eration. The occurence of cold working during forging is supported by
the observatlon that the hardness of groups 1 and 2 was significantly
higher prior tc and after engine operation than the hardness of the
other groups. The occurence of beneficial precipitation during engine
operation is supported by metallogrsphic examinations which showed that
the microstructures of groups 1 and 2 contalned larger quantities of
precipitates and residual carbldes after engine operation than did th
other groups. '

3259
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The range of failure times obtained for the blades of group 3 (167 to
310 hr) shows that this lot of blades is not significantly better than
the blades selected from Air Force stock (group 7). It is recognized
that the results for group 7 are not conclusive in themselves because
there are only two true faillures. However, it is shown in reference 2
that S-816 Air Force stock blades for the J33-9 turbojet engine (with
the same airfolls as the blades used in this investigation but with dif-
ferent roots) failed in cyclic tests of the same type used in this in-
vestigation at times ranging from 163 hours to 394 hours.

The performasnce of the double-aged blades of group 4 (range of
failure times: 102 to 310 hr) was not significantly better than those of
group 3, which were given the standard heat treatment. As was previously
mentioned, past experience with wrought Haynes Stellite 21 (ref. 3)
indicated that double aging might improve the performance of S-816 blades.
However, in the case of 8-816, the alloy was apparently oversged in the
double-aging treatment, and shorter times or lower temperatures should
have been selected. Overaging was shown by the large quantity of visible
precipitation and by the fact that the hardness of the as-heat-treated
specimens given the double aging asppeared slightly less than the hardness
of the specimens given the standard heat treatment (Rockwell C-25 and
C-26, respectively). Although the double-aging treatment used did not
improve the properties of these blades, predistribution of numerous, well
scattered nucleation sites by low-tempersature aging prior to high-
temperature aging or operation is believed to be a sound genersl princi-
ple. Such distribution of precipitates, perhaps, may also be obitained
by water quenching from solution-treating temperatures or, as previously
mentioned, by hot-cold working prior to testing or high-temperature
operation.

The results of the heat treatment to produce germinated grains
(solution heat treated at 2300° F for 4 hr, water quenched, aged 16 hr
at 1400° F) and simultaneously a greater degree of solution treatment
(range of failure times: group 5, 36 to 285 hr) were obscured because
eutectic melting was found in this group of specimens. The poor performsnce
of the blades of group 5 wmay be largely attributed to the eutectic melting
observed. The previous data from unpublished lnformation and reference
1 indicated that solution treatment at 2300° F and 2350° F yielded
better high-temperature properties than were obtalned by solution treat-
ing at lower temperatures. No eutectic melting was observed in a pre-
liminery test specimen heat treated at 2300° F for 4 hours (fig. 12)
nor was any found 1n the blade specimen examined after heat treatment
(fig. 7(d)). No melting was found in the blades of group 6 (range of
failure times: 59 to 401 hr), which were also solutlion treated for 4 hours
at 2300° F. The presence of eutectlic melting in the blades of group 5
after engine operation cannot be explained.

—
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Although no certain evidence of eutectlic melting was observed in
any of the blades of group 6, the heat treatment was harmful as shown by
the fact that two blade failures occurred by fatigue at very low times
of 59 and 99 hours. Heterogeneous grain sizes were observed in blades of
this group wilth laerge areas of fine grains adjacent to large areas of
coarse grains (fig. 11). However, the possible harmful effects of the
germinated grains are obscured by thick carbide formatlons in the grain
boundaries, which could alone account for the poor performance of this
group of blades. It 1s interesting to note that the path of a fatigue
crack in the first blade of this group (fig. 8(f)) did not deviate in
going from the fine- to the coarse-grained area. This may indicate that
the heterogeneity of the grain size (per se) is not important.

The operating lives of the blades of group 8, which were standard
Air Force stock blades given the low-temperature, overaging treatment
at 1550° F for 16 hours, were very low (range of failure times: 55 to 131
hr). The 1550° F treatment per se is apparently not as important as the
microstructure produced. A similar deleterious microstructure might be pro-
duced by overtemperature engline operation at shorter times but higher
temperatures. The visible precipitation produced by the 1550° F treat-
ment occurred mainly in grain and twin boundaries (fig. 7(h)). During
engine operation further precipiltation and agglomeration occurred in
these sites. This type of precipitation espparently does not improve the
performance but does considerably increage the hardness compared with
the standard heast treatment (see table V).

The blades of group 9 (range of fallure times: 86 to 213 hr), which
were overheated at 1900° F for 16 hours, were overaged as shown by the
hardness (Rockwell C-27) and by the spheroidization of carbides in the’
microstructures (table V and fig. 7(1)). The heat treatment may also
have partlally solution trested the alloy, dissolving smaller micro-
constituents into the matrix. This would permit strengthening of the
blades by precipitation during engine operation, which would explain the
comparable performance of this group ¢of blades with that of the standard
Air Force stock blades (range of failure times: _group 7, 94 to 202 hr).

Elongation of different blade groups. - The elongation curves show
that the blades which performed the best (groups 1 and 2) had the lowest
creep rates. Blades of group 5 also had a low creep rate but in ‘this
case, poor blade life. This conbination of low creep rate and poor blade
life for group © may have resulted from the eutectic melting found in
this group. The blades of group 9, which were given the high-temperature
overaging treatment (1900° F), exhibited the greatest total elongation
and creep rate, which may be assoclated with the spheroldization noted
in the microstructure prior to testing.

3259,
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Blade failure mechanisms. - Centrifugal stress and temperature are
not the only service conditions that are known to limit the performance
of turbine blades. Englne vibration and blade flutter may contribute to
early failures by fatigue, rapid heating or cooling may set up thermal
stresses within the blades, and the action of the hot combustion gases
may cause surface and intergranular corrosion. In meny cases, the classi-
fications made by visual examination were supported by later microscopic
examination of the microstructure. A basic difficulty in defining the
failure mechanism from the appearance of the fracture surface alone is
that the effect of superimposed fatlgue damage is not always evident.
Ferguson (ref. 7), for example, measured the high-temperature life of
specimens subjected to vibratory loads superimposed upon constent loads

.and found that, in many cases, the fracture surface of the specimens

showed no evidence of fatigue damage, although the reduction in life
caused by the vibratory loads made 1t clear that fatigue must have been
an important factor in causling esrly failures.

From the known distributions of temperature and centrifugal stress
in the blade, and from the known material properties, the stress-rupture
life of material under the same comblnations of stress and temperature
which exist along the length of the blade alrfoll can be calculated.

The results of such a cealculation are shown in figure 1, where the stress-
rupture life of S-816 bar stock glven the standard heat treatment is
shown plotted against the dlistance above the base for the corresponding
combinations of stress and temperature. The minimum in this curve shows
that the most severe conditions for the lowest stress-rupture life are
located at a distance of 2.4 inches gbove the platform of the blades,
where the stress is 21,400 psli and the temperature i1s 1450° F. Because
of the material differences which exist between bar stock and forged
blades, the stress-rupture life of the forged blades under operating
conditions should not be expected to be equal to the minimum value glven
by this figure. Only the location of the critical zone as defined by
the stress-rupture strength is considered in the following dliscussion.

In a&ll but two instances (exclusive of damage failures) the turbine
blades falled in operation in a zone above that of minimum stress-rupture
1life (fig. 5). Creep measurements (figs. 3 and 4) show that the rate of
creep and the amount of creep deformatlion Jjust prior to fracture were
greater in zone A than in the zone closer ‘to the base (zone B). Exclusive
of damage failures and group-5 blades (which exhibited eutectic melting),

58 percent of the blades failed at or above a point 21 inches from the

base platform (the top portion of zone A). Whlle no elongation measure-
ments were made sbove zone A, past experience (ref. 68) indicetes that
maximum creep would be centered about the position of minimum stress-
rupture life (in this case, 2.4 in. above the platform). It therefore
would appear that the majority of blades failed in a region having less
than maximum creep. From these observations, the conclusion can be

c-
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drawn that other factors than stress-rupture must contribute to the
faillure mechanism of turblne blades during operation.

The preceding conclusion is supported by the examination of the
blade fractures. Exclusive of those blades which falled by damage, 65
percent of the blade fallures could be classified as fatigue or a com-
bination of fatigue and stress-rupture. This classlfication was based
upon the appearance of fatigue progression rings on the fracture surface,
the transgranular character of the fallure, or the single-line path of
fracture., The remaining 35 percent of the fallures, which were classi-
fied as stress-rupture failures, may actually have undergone considerable
demage by fatigue which could not be detected from appearance alone, as
already noted. The early blede fallures were more often fatigue or
fatigue plus stress-rupture, while the later fallures tended to have
predominantly stress-rupture characteristics (fig. 5).

Implications of hardness messurements. - Previous work with S5-816
(ref. 2) showed a wide range of scatter of hardness values. Since the
scatter of hardness shown in tables V and VI could have been due to
macrodifferences within the specimen or segregations of microconstituents,
the average readings are used to represent the hardness qf the alloy.

The high hardness of the as-forged blades and the as-forged and
aged blades (groups 1 and 2) may be largely attributed to residual
streeses lntroduced into the blade airfoils during forging. Precipi-
tation alone at 1550° F for 16 hours (group 8) increased the hardness
over thet of the fully heat-treated condition {group 7) by as much as
4 Rockwell C units. Other preciplitation treatments might increase the
hardness further, but it seems unlikely that the hardness of Rockwell
C-35 (groups 1 and 2) could be attained by heat treatment alone. The
solution treatment at 2300° F for 4 hours with single and double aglng
(groups 5 and 6, respectively) permitted greater hardening than the
solution trestments at 2150° F followed by single and double aging {groups
3 and 4). The lower hardness of as-heat-treated group 9 as compared with
group 8 may be explalned by the greater degree of overaging that occurs
at a temperature of 1900° F. Some solution of minor phesses may have ~
occurred during heat treatment at 1900° F, and this would have been fol-
lowed by preclpitation during engine testing. This would explain the
higher hardness of group 9 after sengine operation as compared with the
ag-heat-treated hardness of this group.

Further comments regarding the hardness of S-816 can be made at
thls point. 8-816 has been regarded by others to be a "solution-
strengthened" alloy. This implies that upon increasing the thoroughness
of the solution treatment the strength (or hardness) of the alloy should
increase as more alloying elements enter solid sclution. Observations
at the NACA have shown that solution treatment of wrought S-816 bar stock
produced the following hardness changes:
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Solution Solution | Quench |[Rockwell C
temperature, time, hardness
Op hr
2150 1 Water 26
2250 1 Water 24
2250 16 Water 23
2300 4 Water 19

From these results, solutlon hardenling does not appear to occur.
Metallographic results, to be discussed subsequently, indicate that
columbium precipitates even at 2300° F, increasing the size of the maasgive
carbides in the alloy. Since Cb has a very large atomic dlameter, 1t
should contribute to hardening when 1n solution. Its precipitation on
the massive carbides could more than offset the hardening effect of a
solution of smaller carblde forming elements.

The matrix hardness (and strength), therefore, appears to be in-
creased by hot-cold working or precipitation but not by solution treat-
ment alone.

Analysis of metallographic results. - The massive carbides in the
microstructure of 8S-816 have been shown to be CbC in references 8 to 1ll.
Since some of the later S-816, including that of the present investigation,
contains tantalum slong with columbium, the massive carbides in the struc-
tures shown in the photomicrographs could be either CbC or TaC or solid
solutions of the two carbldes. Furthermore, nltrogen could also be pre-
sent in these structures since the nitrides and carbides of Cb and Ta are
1somorphous. Regardless of the composition of the massive carbides, 1t
is unlikely that their effect in the alloy is great, since upon solution
treatment they increase 1n size as a result of precipitation and become
more or less idlomorphic rather than dissolve into the matrix. However,
some of the smaller pasrticles of CbC type carblides may dissolve during
solution treatment and mey subsequently strengthen the alloy by pre-
cipitation during use at high temperatures.

There 1s some X-ray evidence that the CryzCgq type carbide forms in
this alloy (refs. 10 and 11), and this probably is the most prevalent
carbide in the grain boundaries and slip lines formed during aging or
engline operation. This type of carbide would not be expected to have
a8 great a strengthening effect upon the matrix of the alloy as the CbC
type, since the atomic spacings of the metal atoms in CrpzCg are very

closely related to the atomic spacings of the matrix.
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A previcus investigation relating the microstructural cheracteristics
of wrought Haynes-Stellite 21 to stress-ruplure propertles (ref. 3) has
shown that drastically different carbide formations could be formed by
various heat treatments and that these formatlons were largely responsible
for the diff'erences in the stress-rupture properties obtained. CrozCg
has been found to be the principle carbide in the wrought Stellite 21
alloy (ref. 11). The as-wrought structure consisted of massive CrpzCgq

particles in a mstrix of face-cerntered cubic and hexagonal close-packed
solid solutions. These carbides readilly dissolved upon sclution treat-
ment at 2250° F for 16 hours and subsequently transformed upon heat treat-
ment at lower temperatures. However, the CbC type carbides of S-816 do
not dissolve even at 2300° F, so that subseguent aging or double-aging
treatments did not improve the S-816.

SUMMARY OF RESULTS

An evealuation of 5-816 turbine blades gliven different heat treat-
ments along with as-forged blades has been made in a J33-33 turbojet
engine. The engine was operated 1n & cyclic manner, 15 minutes at rated
speed and 5 minutes at idle. At rated speed, blade stresses and tempera-
tures were controlled at 21,400 pounds per gquare inch and 1450° F, re-
spectively, at 2.4 Iinches above the base of the blade. The following is
a summary of the results obtalned and conclusicns reached from the
investlgation:

1. The as-forged blades and the as-forged and aged blades performed
better than blades glven the starndard heat treatment or any of the other
heat treatments studied. The life of the as-forged blades ranged from .
357 hours to over 430 hours, after which time the tests were discontinued.
The failure times of the as-forged and aged blades ranged from 317 to
430 hours. In comparison, the blade group given the standard heat treat-
ment for 8-816 had failure times ranging from 148 to 310 hours.

The superlor performance of the as-forged blades and the as-forged
and aged blades was assoclated with & high hardness and a dense and
uniform precipitation of carbldes throughout the microstructure of the
alloys. Forging was concluded to be responsible for this superior per-
formance both by the lntroductlon of strain-hardening and by promoting
the uniform and dense precipitation of carbides during engine operstion.

2. A double-aging treatment (24 hr at 1200° F, air cooled, 48 hr at
1500° F) following the standard solution treatment for S-816, which was
intended to produce randomly scattered and demse precipitation, failed
to lmprove bhlade performance relative to the group glven the standard
heat treatment. Fallure times in this group of blades ranged from 102
to 310 hours. The aging treatments selected were felt to have caused
too great a degree of oversging for 39-816.
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3. Two groups of specimens which were heat treated at 2300° F for
4 hours to produce germinated grains and simultaneously & greater degree
of solution treatment than is produced by the stendard solution treatment
of 1 hour at 2150° F performed very poorly. Blade faellures of one group
(aged 16 hr at 1400° F) ranged from 36 to 285 hours, and failures of the
other group (aged 24 hr at 1200° F and 48 hr at 1500° F) ranged from 59
to 401 hours. In the first of these groups, eutectic melting was observed
and undoubtedly accounted for the poor performance, and in the second
group, thick grain boundary formations or germinated grains or both were
possible causes of the poor blade failures.

4, Blade 1ives of specimens given an overtemperature heat trestment
at 1550° F for 16 hours (low-temperature overaging) were very low, ranging
from 55 to 131 hours.

5. Blade lives of specimens given an overtemperature heet treatment
at 1900° F for 16 hours (high-temperature overaging) ranged from 86 to
213 hours. For comparison, blades from the same stock given the stendard
S-816 heat treatment falled at times ranging from 94 to 202 hours. There-
fore, high-temperature overaging was not harmful. Carbides in the as-
heat-treated blades were largely spheroidized, but apparently partisl
solution treatment of some of these carbides occurred during the heat
treatment. Partial solution treatment would permit strengthening of the
blades by repreclpitation during operation in the engine.

6. The results from the overtemperature groups of blades just pre-
sented suggest that any heat treatment that would effectively overage
the blades without simultaneously partially solubtlon treating the blades
could be harmful. Conversely, overaging at a high enough temperature to
permit solution of some of the microconstituentes could be beneficial.

7. The blade groups vwhich performed best, the as-forged and aged
groups, had the lowest creep rates and also the lowest total elongation.

Total elongations of the as-forged and aged groups were 2% and 1 percent,

" respectively. Specimens given the standard S-816 heat treatment elongsated

8.3 percent snd specimens given the overtemperature treatments at 1550° F
and 1900° F elongated 2.2 percent and 8.8 percent, respectively.

8. From known distributions of temperature and centrifugal stresses
in the blades and from the known material properties, a theoretical zone
of minimum strength of the blade airfoll was located at & distance of
2.4 inches from the base of the blades. In all but two cases (exclusive
of damage fallures), the turbine blades falled 1n operation gbove this
zone. Creep measurements showed a trend which indicated that fracture
probaebly occurred outside the zone of maximum creep. Such failure
patterns suggest that factors other than centrifugal stress contribute
to the fallure mechanism of the blades. Vibratory conditions in the
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engine could have accounted for the above fallure patterns; and, in fact,
exclusive of those blades which falled by damage, 65 percent of the
failures were classifled from macroexaminations and microexsminations as
fatigue or a combination of fatligue and stress-rupture failures. The
remaining 35 percent of the falluree, which were classified as stress-
rupture fallures, mey actually have undergone considerable damage by
fatigue which could not have been detected from appearance alone.

9. Evidence presented in this investigation 1ndicated that 5-816
may be hardened (or strengthened) by hot-cold working or by precipitation
but not by solution treatment alone.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 29, 1954
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TABLE, I. - STRESS-RUPTURE RESULIS AT 20,000 PSI AND 1500° F FOR

SPECIMENS MACHINED FROM AIRFOIL OF J47 TURBINE BLADES

Solution treated 1 hr

at 2150° ¥, water

No heat treatment;
tested inams-forged

Aged 16 hr at 1400° F
without solutilon

quenched, aged 16 hr condition treatment
at 1400©¢ F, air cooled
Life, | Elongation, Life, |Elongation, Life, Elongation,
hr percent hr percent hr percent
80 30 185 20 185 15
112 25 255 12 620 --
133 35 290 15
152 40
450 T 42
760 40

AGZ¢
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TABLE IT.

- HEAT TREATMENT GIVEN DIFFERENT

AND REASONS FOR TREATMENT

BIATE GROUPS

23

Group

Solution treatment

First age® Second age®

Temper-
ature,

oF

Time,
hr

Quench

Temper- |Time,
ature, hr

oF

Temper-
ature,

oF

hr

Time,

Purpose of heat treatment,
to determine -

As-forged

Whether as-forged blades
would behave egually as
well es heagt-treated
blades

None

1400 16

Whether eging alone could
improve as-forged
structure or properties

2150

Water

1400 16

(Standard for comperison)

2150

Air

1500 48

Whether aging to develop
nucleation sites fol-
lowed by sging to cause
precipitation in the
sites can improve
properties

2300

Water

1400 16

Whether germinated grains
are harmful or whether
increased solution which
occurs at higher temper-
atures improves life

2300

Alr

1200 24 1500 48

Whether double aging (see
group 4) will compensate
for germinsted grains if
they are shown to be
harmful in group 5

7¢,4

2150

Water

1400 16

{s8tandaxd for camparison
between experimental
groups 1 to 6 and stan-
dard stock previously
run in identical types
of test)

Rone

1550 16

Whether low-tempersture
overaging (overheating)
is hermful

None

1900 16

Whether high-temperature
overaging {overheating)
1s harmful

8411 aging treatments followed by eir cooling.
bBla.d.es forged from single lot of bar stock. from same heat.

cStand.a.rd heet treatment.
dBlades from U.S. Air Force stock.

- 3
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TABIE III. - RESULTS OF ENGINE OPERATION OF TURBINE BLATES

Oroup | Blade | Order of | Failure time, Teilure Loawtion of Distance of
blade br at rated moctanimm failure failure from
failure spoed R tlcibf!.n root n:;t:l’on,
: 5 1 663 = T.E. 5
1 2 556.65 = T.E. ]
2 5 9.2 aR Rear € i
8 " . » LE. -
5 - 4% - —- —
4 - > 430 _ —— —
2 s 1 57.25 =¥ X 2
3 e az6.80 &= %
1 5 PR r 1.8 5
3 . o D &
« >e:0 — —
s 420 = -
s « 1 147.95 D r.E. rp
1 oe 2z 16576 r T.E. 5
5 s 193.75 r T.E. %
1 + 0257 r T.E. %
5 5 269.75 D T.E s
2 6 09.78 -89 X 5
‘ i 1 10172 & T.E. %
s 2 no.37 » L=, 5
5 3 116.88 r L.E. ]
s " 19808 r LE. =
. 2 L] 208,25 | SR{Secked} l:::omm- 3
. 1 303.78 | BR(Cracked) c g
5 . 1 .00 | m(Crackes) c 5
s 2 .25 | sm{Cracres) ¢ s
e 3 216.68 | SB(Crecked) c =
5 [} 142,50 SH(Cracked) [ a%
5 5 142.50 SR(Cracked } c ﬁ
1 € 28517 H 1) r.r. 5
& P 1 =17 ) X %
2 1 £5.43 D 1.5 sy
1 5 29.28 r L.E. sk
4 . 184,00 D 1.2, 3
5 s 209.25 | D{1),6m L.E 5
6 s 0.0 = ¢ 5
7 1 3 .2 o®TF L.E. e
] 2 100.57 D L.E. #+
2 s 17.95 ™ L.E. s
1 i 2085 r L.E. )
. [ 1 8.0 r(1), o oK ng;
8 2 80.42 r L.E. 5
4 3 62.00 r L. 5
z . 7525 D L. =f
s 5 T8.57 b r.x. ]
1 . .22 r T2 3
] 5 1 86.08 =r(1) L.E. =5
] 1 26.00 %) L.E. 5
L] 3 170.68 r L. =
1 % 173.03 r L.E. a8
& s 206.67 arr L.E. sy
" & 2.0 D L3. I

'n;:t?.rl-rw:q D, damage, ER-T, stress-rupture followed by fatisue; ¥,

P1.3., tratling e&ge; C, aeuter; L.E., lesdicg edge.
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CH=4

NACA RM EBS4K17

TABLE IV. - GRAIN SIZE OF AS-HEAT-TREATED SPECIMENS
Group | Largest A.S.T.M, | Mogst prevalent | Smallest A.S.T.M.
grain size A.S.T.M. grain size
grain size

1 8 8 8

2 5 7 8

3 6 8 8

4 2 6 8

5 2 5 8

6 3x1 1 5

7 4 6 8

8 1 5 8

9 4 6 8

a5
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TABLE V. - HARDNESS OF AS-HEAT-TREATED SPECIMENS

Group Individual hardness readings,a Average
Rockwell C hardness,®
Rockwell C
1 J 39 36 33 37 31 35 35
2 33 34 34 36 37 35
3 25 28 286 26
4 24 726 25 26 25 25
5 25 32 29° 2g°
(] ' 29 29 30 29 26 T 29
7 U 25°¢
8 29 31 29 o ' T 29
29 29 :
g 26 25 26 28 28 o a7

&converted from Rockwell A readings.

bIndividual_readings“were'converted fraom R-15-N and are
three of six resdings, the average of which 1is Rockwell C-Z49.

?Average of readings made from seven specimens cut from Air
Force stock and taken from table II, ref. 3.

652¢
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CF-4 back

11
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TABLE VI. - HARDNESS OF FIRST AND IAST BLADE FAITURES IN CROSS SECTION

APPROXIMATEL.Y 1/8 INCE FROM FAILURE ORIGIN

Group Failure® |Individusl Rockwell C hairdness Average Location
readingsb Rockwell g of
hardness failure
(e)
1 First 37.0f 30| 33| 33| 35| 34 34 T.E.
Last 33 32| 33| 34| 34| 34 33 c
2 First 33.5| 33| 32 31| 32| 33 32 T.E.
Last 34 34| 33| 33] 34| 34 34 T.E.
3 First 29 29| 31| 28| 29| 24 28 T.E.
Last 30 30| 31{ 31| 33| 29 31 T.E.
4 First 27 30| 30| 30(28.5] 29 29 L.E.
Last 24 26| 26| 24| 26| 23 25 C
5 First 28 31] 32} 31| 28| 27 30 c
Last 29 32| 31 32| 30| 32 31 T.E.
6 First 29 301 28| 26| 26} 24 27 T.E.
Last 27 30) 30| 31| 31| 24 29 C
7 First 30 29| 29| 28| 29| 24 28 L.BE
Last 29 31| 33| 33| 33 29 31 L.E
8 First 29 29| 30| 29| 27| 26 28 T.E.
Last 30 27| 281 26} 31| 30 29 T.E.
9 First 29 30} 30} 31| 31} 30 30 L.E
Last 30 31} 30| 31| 31| 27 30 L.E.

aDesignation of first or last fallure pertains to failures exclusive
of those which occurred by damage.

bHardness measurements were made with Rockwell superficial hardness
tester and readings were converted to Rockwell C.

cT.E., trailing edge; C, center.
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Stress-rupture life of 8-816 bar stock, hr

Stress, psi

12,000 . . )
10,000
8,000 \

6,000 \
n ‘\
4,000 \ l
2,000 § \ -
\‘ P
o]
52,000!
f
b Btreas . _,,4’ﬂ Blade temperature
24,000 /
;::><;
/_ g
16,000 T \\
8,000 - - - ‘ B
i
|
) .8 1.8 2.4 5.2 i.0 2.

Distance above base, in.

Figure 1. - Stress and temperature distribution in J33-33 turbine blades
operated at full power and corresponding stress-rupture life of 8-8l6

bar stock.
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Blade temperature, °F

6528



3259

Group| Solution treatwent | First age® | Second age® Failure
Temper- [Mme,| Quench |Temper- [Time,| Temper- [Time, 3tresa-rupture
ature, | hr ature, | hr |ature, | hr Stress-rupturs
oF oF ap plue Patigue
Fatigue
lb As forged X Damage '@O A
LA
2 | one 1400 | e [l Q
&f [F77X77 77X 7~
2% 2150 | 1 |Weter | 1400 | 18 AO G’ iy
I TIPS TITIRY
a® |2180 | 1 |mr |1200 |20 | 1500 | 48 QO @,
VST TITTD VI TeTIIIs
s | 2300 | 4 |wWater | 1¢00 |16
AN et L LA
8 2300 | 4 |air [1200 |22 | 1500 |48 AA (D]
VL IAL AL A R /2l A
79| 2150 | 1 |Weter |1400 |18 A 4
VP AL L
82 | Woxe 1560 | 18 <
T TITIS
8¢ | Fone 1900 | 18 Wil A
| T4 o
2211 eging trestments followed by air cooling, 0 50 100 150 200 250 200 350 400 450
lades forged from single lot of bar stock
from seme haat, Engine time, hr at rated speed

98tandard heat treatment.
O81ades from U.5. Alr Force stock.

Figure 2. - Blade performance of J53-33 turbine blades of as-forged and heat-ireated wrought S-816.
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Figure 3. - Elongation of portions of blades during engine operatian. (Zoné AL)
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Maximum elongation, percent

10

3259

Pigure 4. - Maxipum percent elonga.tion measured for segments of hlades extending from 1-5- to 2-5 inches from
base (zone 4) and from 7/8 to 1— inches from base (zone B).
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Tima to failura, hr

Blade root

Critical zone
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500

Critical zona (most severe

coubination of stress and

temperature correaponding to

point of mini atrass-rupture O A
100 life (mee fig. 1))~ fa) A

I o O strese-rupture
\ m [0 8trese-rupture followed
by fatigue
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A
200 A 4 0 ﬁ .
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Distance from base of blade, in.

FMgure 5. - [ocation of fajlure origins in blades.
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(a) Ae-forged. (b) Typicel stress-rupture crack. (o) Typical fatigue fallure.

Figure 6. ~ Aa-forged blade and Typlcal failed blades.
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(b) Group 2 (aged 16 hr at 1400° ¥).

Figure T. - Microstructuree of as-heat-treated specimens cut from representative
segments of bhlades.
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\ A&
(c) Group 3 (standard heat treatment: 1 hr at 2150° ¥, water quenched,
aged 16 hr 4t 1400° F, air cooled).

at
FE et 2

LAY

TR T AR K

.

2 - »
Y _‘-:.

» I TLAY
SR c-3T144

(d) Group 4 (1 br at 2150° F, air quenched, aged 24 hr at 1200o F, air cooled,
aged 48 hr at 1500° F, air cooled).

Figure T. - Continued. Milcrostructures of as-hesat-treated specimens cut from
representative segmenis of blades. .
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e
5
o
(e) Group 5 (4 hr at 2300° F, water quenched, aged 18 hr at 1400° F, .
air cooled).
C- 37145 - )
(f) Group 6 (4 hr at 2300° ¥, air quenched, aged 24 hr &t 1200° F, air cooled,
aged 48 hr at 1500° ¥, air cooled). *
Flgure T. - Continued. Microstructures of as-heat- treated specimens cut from

representative segments of blades.
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{(g) Group T (Air Force stock; standard heat trestment: 1 hr at 2150° F,
water quenched, aged 16 hr at 1400° F, air cooled).

(h) Group 8 (Alr Force stock; aged 16 hr at 1550° F, air cooled).

Figure 7. - Continued. Milcrostructures of as-heat-treated specimens cut from
representative segments of blades.
’
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(1) Group 9 (Air Force stock; aged 16 hr at 1900° F, air cooled).

Figure 7. - Concluded. Milcrostructures of as-heat-treated specimens cut from
representaetive segments of blades. ' ’ o
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First blade to fall, 357 hr Iast blade to fell (third failure),379 hr

Fraclure
origin

e
X250 X280
Tears below fracture edge and lrregular fracture edge are Typical stress-rupture tears in center portion of blade
indicatlve dof stress-rupture failure mechaniem. where fallure originated.

Uxide In intergramular crack below fracture sdge. Ares Enlarged view of fracture edge.
18 pame as at X100 except that specimen was repolished.

(a) Group 1.
Flgure B. - Microstructures of fallure origins or sreas near fallurs origins in first and last blade failures.
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First blade to fail, 31T hr Iast blade to feil, 421 hr

Frarture
oriaic

Strese-rupture characteristics in form of tesrs and jagged Fatigue originated 1/32 in. from adge. Fracture edge shown
edges. ie in area of origin and aeppears smooth and stralght.

Seme area as above. Same as above area. Fracture edge appears transcrystalline.
{b) Group 2.

Figure 8. - Continued., Microstructures of failure origins or areas near failure origins in firat and last blade failures.
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Smooth transcrystalline nature of fracture edge ’
which is indicative of fatigue.

Figure 8.

CF-6 3259 .

Pirst blade to fall, 167 hr Last blade to fail, 310 hr

- Continued.

Fracture

X250

X750 X750
Same area as above. Seme area as above. Fine Widmanstdtten structure.

(¢) Group 3.

Microstructures of failure origine or areess near fallure origins in first and last blade failures.
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First blads to fall, 102 hr Iast blede to fall, 310 hr

X250 X250 :
Very little geversl precipitation in struciure, which is not Jlresg-rupture crack was removed by polishing. Structure
conslstent with ss-heat-treated structure of fig. 6(a). shown 18 in immediate ares of crack vhich was present.

. Jagged edge 1is.indicative of stress-rupture failure, Deut ~
on lesding edge could bave resylied after blade failed. : .

. o,

I ; '--'-j.'"':.r/:'- 2 R .
S e B AR VRN
X750
Same ares ag ghove. large quantities of genersl matrix precipitaticon are

evident.
(&} group 4.

Filgure 8. - Contimued. Microstructures of failure origins or areas near fallure origins in first and last Llade failures.
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Firet blede to fall, 36 hx

SHELREE .
i 'M"igﬁf L

: ‘.vi".“--!',. ‘3 -j ‘
. ' 4_1.1 s

g e
X250

Intergramular orack following grain boundary exhibiting
ehectic welting., -

T e

ol 1=
g ek

X750

Eutectic melting in grain boundaries and rosette formations

are” dent.

-l
) kv

CF-G back

deod

Iast flade to fail, 285 hr

Fro-iace

X250

CI7TS0
Grain bounds.des contain thick precipitation. Volds comld
be svidance of meltlng or etching effect,

(e) Group 5.

¥lgure B, - Contimued. Mlorostructures of failure origine or erees nesr fallure origins in first and last blade fallures.
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First blade to fail, 59 hr last blade to fall, 401 hr

¥

Fracture edge 1s transcrystalline, indicative of fatigue. One of severnl stress-rupture cracke occurring in grain
boundaries in cemter of blade airfoil.

Same area as above.

(f) CGrowp B.

LTIPSHE W VOVN

Filgure 8. - Contitmed. Microstructures of failure origins or arsas near fallure arigins in first and last blade fallures.
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First blade to fail, 94 hr Last blade to fail, 202 hr

LTHEPSE WE VOV

' BN

ftress~-rupture characteristics of failure occur at Jagged Fracture originated 1/4 in. from leading sdge and pro-
fallure arigin, irrepular fracture edge, and intarcrystal- gressed In transcrystalline mammsr indicative of
1line tear. fatigue.
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= \ 4 - .
f 0 e - i " I&‘\ ]
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z"“fl";"—r" H{’-'.'_h'-. -*‘V}\‘l‘. h"\? f-__“\..\ ‘-
RGP NN S
')’-‘. L E.T"\ SISy .')\‘\"ﬁ-'&-(‘O‘ TL
X750
Seme area ap above. Same ares a8 above.

(g) Group T.

=
Figure 8. - Continued. Microstructures of fallure origine or areas mear fallure origine in first and last blede fallures. t



Flrst blade to fall, 60 hr Laet blade to falil, 151 hr

PR
T

S :
: . R &
: L "
- . ' : POR T
“ R R
i A - P
t b
- 1 N ¢ .&'.\:
e K =
X230

Fracture edge appears both transcrystallins and intercrystal- Fracture edge is smooth and transcrystalline,
line. An intercrystalline crack is formed at leading edge. .
Microexemingtion indicates stress-rupture followed by
fetigue failure, whereas macroexamination indicates fatigue.

p £ . ‘ . -‘i- ; Ki 0_37155
ZTSO ' X750
_— . Same ares as above. Jume area as above, Matrix of grains heve very little

preoipita.tion compared with groups 3 and 7.
(.h) Group &.

Figure 8. - Contimied. Microstructures 'of failure origins or areas near fallure origins in first and last tlade fail.ree.
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X250

Jaggedness end Intercrystalline cheracteristice at and near Fracture edge appears transcrystalline, but small tears within
origin of fracture indicete that fracture originated by spoclmens ere indicative of stress-rupture. The strncture
streas-rupturs. However, this iz & borderline caps and has been steined differentially, but this does not obscure
could be a pure fatigue fallure., Fatigue characteristics  detall. C -
oceur in the left-hand portlon of the photograph.

X750

X750
Very thick carbides and very little

Thick grain boumdary preclpitation and very llttle Same ares a8 sbove.
mRtrix precipitation.

general or matrix precipitatiom.
(1) Oroup 9.

Figure 8. - Concluded. Microstructures of fallure origineg or areas pear failure origins in first and last blade failures.
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X250 .
Stress-rupture portion of fracture edge and typical stress~
rupture cracks. Etched in 5 percent aqua regia in water
electrolytic followed by 10 percent HCl in alcohol electrolytic.

- B - - hd

X750 ot _
Fatlgue cracks which rediated from meln fracture edge

which falled by stress-rupture followed by fatigue. "
Etched In 5 percent agqus regla in weter electrolytlc
followed by 10 percent HC1l In alcohol electrolytic.

Flgure 9. - Typlcel stress-rupture and fatligue cracks associated with main fracture.
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(a) Blade 1.

Palled by
stress-rupture cracking
in 49.25 hours.

-~ Blades of group 5 with germinated grains revealed by macroetching.

{c) Blade 8.

Failed by

stress-rupture cracking
in 142.50 hours.

(b) Blade 3.

Falled by

gtress-rupture In

285.17 hours.

49

Filgure 10.
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(d) Blads 5.
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Failled by

damage in 209.25 hoursa.

Failed by
fatigue in 99.28 hours.

(c) Blade 1.

Failed by

damage in 93.43 hours.
~ Blades of group 6 with germinated grains reyealed by macroetching.

(b) Blade 2.

Failed by
Flgure 11.

fatigue in 59.17 hours.

{a) Blade 3.
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X750

Figure 12. - Microstructure of trial specimen solutlion treated at
2300° ¥ for 4 hours and water quenched. No evidence of melting
was observed. Structure appears ideal for a subsequent aging
treatment.

NACA-Langley - $-3-55 - 350 -
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